Communication traffic grows relentlessly in today's networks, and with ever more machines connected to the network, this trend is set to continue for the foreseeable future. It is widely accepted that increasingly faster communications are required at the point of the end users, and consequently optical transmission plays a progressively greater role even in short-and medium-reach networks. Silicon photonic technologies are becoming increasingly attractive for such networks, due to their potential for low cost, energetically efficient, high-speed optical components. A representative example is the silicon-based optical modulator, which has been actively studied. Researchers have demonstrated silicon modulators in different types of structures, such as ring resonators or slow light based devices. These approaches have shown remarkably good performance in terms of modulation efficiency, however their operation could be severely affected by temperature drifts or fabrication errors. Mach-Zehnder modulators (MZM), on the other hand, show good performance and resilience to different environmental conditions. In this paper we present a CMOS-compatible compact silicon MZM. We study the application of the modulator to short-reach interconnects by realizing data modulation using some relevant advanced modulation formats, such as 4-level Pulse Amplitude Modulation (PAM-4) and Discrete MultiTone (DMT) modulation and compare the performance of the different systems in transmission.
INTRODUCTION
Fibre optic-based DWDM (Dense Wavelength Division Multiplexing) communication systems are widely used in longdistance communication links for large bandwidth optical transmission connections. In recent years, the continuous growth of data transmitted in communication networks, the need to connect a large number of smart devices to the networks and the advent of large data cloud systems require larger and faster data-centers that should have the capability of rapidly handling a large amount of data whilst keeping a low power consumption. Substantial advances in the area of electronic microprocessors have given rise to outstanding levels of integration. However, copper-based interconnects are starting to show their limitations in terms of bandwidth, heat dissipation and crosstalk. Several solutions have been proposed to overcome these limitations such as the use of thicker metal pits or of exotic materials with higher dielectric constants. Nevertheless, all of these potential alternatives amount to rather expensive solutions making indeed, the possibility to apply silicon photonics-based optical communication technologies in rack-to-rack, board-to-board or even intra-chip interconnects a very attractive option [1] , [2] . Many high speed optical components that have the potential to be integrated on the same monolithic chip yielding compact, low cost, CMOS compatible optical transceivers have already been demonstrated, such as waveguiding components [3] , high speed optical modulators [4] - [6] and high speed detectors [7] , [8] . When considering short-link connections (<1 km) one of the most critical components on the transmitter side is the optical modulator. Different device schemes have been widely studied in the last decade including Mach-Zehnder interferometer (MZI) based modulators [9] - [12] , ring resonator devices [13] and electro-absorption modulators (EAM) [14] . Carrier depletion MZI modulators have shown very good performance in terms of offered bandwidth [4] and resilience to various external conditions. Moreover, in contrast to ring resonator-based modulators, MZI-based devices
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Top oxide layer n Buried oxide layer p Silicon substrate are wavelength transparent, which allows flexible and reconfigurable operation. 50 Gb/s operation has already been demonstrated using On Off Keying (OOK) modulation [15] , showing a 3 dB extinction ratio that could allow error-free operation in a short reach optical connection. Further design improvements could lead to even higher bit-rate operation with improved signal to noise ratio performance [16] . The analysis presented in [16] clearly highlights that the bottleneck in increasing further the operational bit-rates is not represented by the optical technology but rather the driving integrated electronics that needs to exhibit a very high bandwidth (>50 GHz to achieve 100 Gb/s operation) combined with, possibly low-cost fabrication. In order to achieve even higher operation speeds (e.g. 400 Gbit/s is a useful benchmark), high-order modulation formats are needed. Recently, modulation formats, such as n-level Pulse Amplitude Modulation (PAM-n) [17] and Discrete Multitone Transmission (DMT) [18] are considered as a potential route for achieving this goal. First demonstrations that have examined the compatibility of these formats with MZI silicon modulators has been reported [10] , [19] . In this paper we present experiments that study the application of both PAM-4 and DMT modulation techniques in short reach links (<10 km) using a silicon MZI modulator, and compare the performance of these modulation techniques in different transmission schemes.
SILICON OPTICAL MODULATOR
The silicon optical modulator structure consists of a MZI with a phase modulator in each arm. Low loss 1x2 Multimode interference structures are used to split and recombine the light from the two waveguide arms [20] . The phase modulators are based on the plasma dispersion effect [21] which relates changes in electron and hole concentration in the waveguide to changes in refractive index (and absorption). The density of electrons and holes in interaction with the propagating light is electrically controlled using a pn diode structure at the waveguide. When a reverse bias is applied to the diode, carriers are depleted from the junction, therefore causing a change in the refractive index. A cross-section of the phase modulator structure is shown in Fig.1 . The waveguide is of dimensions 220nm height, 400nm width and 100nm slab height, which allow only single mode propagation. The waveguide sits on a 2µm buried silicon dioxide layer and has a 1µm thick silicon dioxide upper cladding layer. The rib section and slab to one side is doped p-type and the slab to the other side is doped n-type, forming a junction coinciding with one edge of the waveguide. The diode is configured in this way so that it can be formed using a self-aligned process as reported previously [16] . This results in a device that is resilient to typical fabrication variations.
In order for the depletion to extend mostly into the rib section during reverse bias application, the doping concentration of the p-type region (3·10 17 ) is made much lower than the n-type region (1.5·10 18 ), meaning that efficient operation can be achieved. High doped p+ and n+ regions are positioned in the slab regions at distances of 450nm and 500nm from the waveguide edge respectively to allow ohmic contacts to be formed with the device. Coplanar waveguide electrodes designed to have a characteristic impedance of 50 Ohms are formed on the devices to allow the phase modulators to be driven at high speed. Figure 2 shows the final device arrangement. The dashed line represents the optical waveguide circuitry while the continuous line represents the electrical part. The phase-shifter length was equal to 1 mm. 
DISCRETE MULTITONE TRANSMISSION MODULATION
DMT is an OFDM-based modulation scheme that transmits information by modulating only the real part of the signal. Since no information is carried by the signal phase, an optical intensity modulator can be used for data encoding on the optical carrier. Figure 3 shows the experimental set-up that was used to carry out the designed measurements. The DMT waveform samples were generated offline based on a PRBS of length 2 18 -1 and an inverse Fourier transform with a size of 1024. The modulation format for each sub-carrier was assigned by a bit loading algorithm. A 16-sample cyclic prefix was placed both before and after each symbol. The generated signal was transferred into the electrical domain by means of an Arbitrary Waveform Generator (AWG) operated at 24 GS/s. A 15 GHz RF amplifier was used to boost the electrical signal; a multiprobe system was then employed to drive the silicon MZI modulator. At the receiver, a 12.5 GHz photodiode was placed, then the electrical signal was sent into an 80 GS/s real-time scope that recorded and stored the signal samples for subsequent offline signal processing. By employing our receiver off-line we were able to measure the obtained channel capacity at a specific bit-error ratio (BER) level. Results showed that this system supports a maximum capacity of 22 Gb/s (for a BER = 4·10 -3 , i.e. below the FEC threshold) when a 10 km single-mode fiber (SMF) was placed between the MZI modulator and the receiver. When the transmission fiber was removed, the capacity was increased to a maximum value of 25 Gb/s at the same BER level. It is worth noting that the main limitations in the current experiment were represented by the bandwidth of the available electronic equipment (RF amplifier and AWG). Use of faster driving electronics would allow us to achieve even higher transmission rates and/or better signal quality. The allocated DMT spectrum and the bit allocation scheme are shown in Fig. 4 . The figure shows that a maximum of 5 bit/carrier were successfully allocated in the low-frequency region. 
PAM-4 MODULATION EXPERIMENT
In order to test the performance of our system when employing PAM-4 modulation, we used a similar experimental setup as before, as shown in Fig.5 . A 10 Gbaud test signal was directly generated by means of a 24 GS/s AWG. The electrical signal was then amplified by means of a 15 GHz RF amplifier, then converted into the optical domain by means of the silicon MZI modulator. A 10 km SMF was placed after the modulator to test the signal performance when short reach propagation is considered. After fibre propagation the signal was detected using a 12. photodiode which connected to an 80GS/s analog-to-digital convertor (ADC). An offline routine was used to measure the signal performance and evaluate the BER of the received signal. In the inset to Fig.5 we show an example of a recorded waveform when a 10 Gbaud signal (20 Gbit/s) was sent inside the MZI optical modulator. A minimum BER of 3·10 -3 was achieved at this operating speed. 
CONCLUSION
In this work we have presented results of both DMT and PAM-4 transmission using a silicon photonics MZI intensity modulator. DMT modulation has shown better performance in terms of overall system capacity, providing an error-free (considering use of FEC) 22 Gbit/s capacity after 10 km single mode fibre propagation. Use of PAM-4 modulation allowed similar performance to be achieved when the operating speed was 20 Gbit/s. Further experimental improvements are anticipated by improving the electrical signal bandwidth, which would allow a higher transmission capacity to be demonstrated. These results show that our silicon MZI modulator is suitable for short-reach optical links and both PAM-4 and DMT modulation techniques could be considered as viable alternatives for such a purpose.
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